Mutations that induce loss of function (LOF) or dysfunction of the human KCNQ1 channel are responsible for susceptibility to a life-threatening heart rhythm disorder, the congenital long QT syndrome (LQTS). Hundreds of KCNQ1 mutations have been identified, but the molecular mechanisms responsible for impaired function are poorly understood. We investigated the impact of 51 KCNQ1 variants with mutations located within the voltage sensor domain (VSD), with an emphasis on elucidating effects on cell surface expression, protein folding, and structure. For each variant, the efficiency of trafficking to the plasma membrane, the impact of proteasome inhibition, and protein stability were assayed. The results of these experiments combined with channel functional data provided the basis for classifying each mutation into one of six mechanistic categories, highlighting heterogeneity in the mechanisms resulting in channel dysfunction or LOF. More than half of the KCNQ1 LOF mutations examined were seen to destabilize the structure of the VSD, generally accompanied by mistrafficking and degradation by the proteasome, an observation that underscores the growing appreciation that mutationinduced destabilization of membrane proteins may be a common human disease mechanism. Finally, we observed that five of the folding-defective LQTS mutant sites are located in the VSD S0 helix, where they interact with a number of other LOF mutation sites in other segments of the VSD. These observations reveal a critical role for the S0 helix as a central scaffold to help organize and stabilize the KCNQ1 VSD and, most likely, the corresponding domain of many other ion channels.
INTRODUCTION
The KCNQ1 (Kv7.1) voltage-gated potassium channel contributes to a variety of physiological processes, most notably when it complexes with the KCNE1 accessory protein to generate the slow delayed rectifier current (I Ks ) of the cardiac action potential (1) (2) (3) (4) (5) (6) . Heritable mutations in KCNQ1 resulting in channel dysfunction or loss of function (LOF) lead to type 1 long QT syndrome (LQTS), a potentially life-threatening predisposition to cardiac arrhythmia (6, 7) . However, many patients with LQTS are unaware of their condition.
More than 600 KCNQ1 mutations associated with LQTS have been identified, and this number continues to grow (8) (9) (10) . Although progress in functional characterization of LQTS-associated KCNQ1 mutations has been made (11) (12) (13) (14) (15) (16) , the mechanistic basis of channel dysfunction for most mutations is not known. Moreover, the expanding use of exome/genome sequencing contributes to a growing database of unclassified human KCNQ1 mutations. These "variants of unknown significance" (VUS) present a medical quandary in the context of genetic testing for LQTS and the medical decision of who to preemptively treat with invasive procedures such as implantation of a defibrillator (17) . The dearth of direct experimental data to determine how mutations alter channel function has prompted bioinformatic and modeling efforts to predict pathogenicity (16, (18) (19) (20) . However, results from these in silico approaches are not considered strong evidence by genetic testing standards established by the American College of Medical Genetics and Genomics (ACMG) (21) . This is in contrast to in vitro experimental data documenting mutation-induced LOF for a disease-linked protein, which the ACMG guidelines categorize as strong evidence for pathogenicity (21) .
Here, we assess medium-throughput experimental studies of KCNQ1 variants as a route to assessing their functional and biochemical consequences and determining the mechanistic basis for pathogenicity. A set of 51 single-site mutants affecting sites located in the KCNQ1 voltage sensor domain (VSD) was compared to the wild-type (WT) channel. A cross section of mutants was selected to represent three classes of variants: known LQTS mutations, documented human VUS, and mutations predicted to be neutral based on WT occurrence within nonhuman KCNQ1 orthologs. The results of this work implicate the underlying mechanisms for LQTS-associated LOF mutations and also support the notion that most of the examined VUS are deleterious. Moreover, analysis of mutations that affect amino acid sites that are located in the VSD S0 segment or that directly interact with S0 provides evidence that this overlooked structural element is critical for channel stability and function.
RESULTS

Structure mapping of 51 human KCNQ1 variants
The KCNQ1 mutations chosen for this study represent three groups: (i) 17 previously associated with LQTS, (ii) 21 human VUS for which there have been insufficient data for classification as benign or pathogenic, and (iii) 13 designed variants predicted to be benign. The predicted benign variants were based on swapping in an amino acid observed to be divergent from the WT sequence in a nonhuman ortholog of KCNQ1 (22) . For example, site 104 in human KCNQ1 is a threonine but is serine at the corresponding site in chameleon and finch KCNQ1. The T104S mutation is therefore predicted to exhibit no significant functional consequences. All mutations are in the VSD and include many known single-residue LQTS mutations in the S0 and S1 segments ( fig. S1A ). Figure S1 (B and C) shows their locations in the recently determined structure of the voltage sensor of Xenopus laevis KCNQ1 (23) . Although the present study was carried out using human KCNQ1, high homology indicates that the Xenopus structure can be assumed to be an excellent model for human KCNQ1. As shown in fig. S1 , a majority of the mutations examined in this work (whether surface-exposed or buried) are located in the cytosol-facing half of the VSD, although mutations in the ectoplasm-facing half are also included.
As described elsewhere (22) and summarized in table S1, each of the 51 mutants was coexpressed in Chinese hamster ovary (CHO)-K1 cells with WT human KCNE1 and functionally characterized using wholecell electrophysiology (EP) to assess the effect of each mutation on K + current amplitude, on voltage dependence of activation, and on deactivation kinetics. The EP data identified 32 KCNQ1 mutants that failed to yield at least 65% of peak WT K + channel current and were therefore classified as LOF. The 65% value chosen for the cutoff for effective LOF is based on the approximate boundary between the range of currents observed for known LQTS mutants and benign mutants based on an extensive literature review [see also the study of Li et al. (16) ]. The underlying mechanisms for LOF in these 32 mutants were not established by the functional data alone, leading to the experiments of the present study.
Mistrafficking as a common cause of mutation-induced channel LOF We developed a method for quantitating KCNQ1 cell surface and total expression. Using a fully functional form of KCNQ1 in which a Myc epitope is inserted into the extracellular loop connecting S1 and S2 (24), we transiently expressed WT and variant channels in human embryonic kidney (HEK) 293 cells, followed by labeling the cell surface population of KCNQ1 with an anti-Myc antibody conjugated to phycoerythrin (PE). The cells were then permeabilized, and the intracellular population of KCNQ1 was labeled with a second anti-Myc antibody, this time conjugated with Alexa Fluor 647. The cells were then subjected to flow cytometry to measure the single-cell intensities of PE and Alexa Fluor 647 fluorescence, providing quantification of both total and surface channel expression levels ( fig. S2 ). Figure 1A shows the quantified cell surface levels for KCNQ1 mutants and reveals that many LQTS and VUS mutants exhibit much lower surface expression than WT. In considering these results, we acknowledge that HEK293 cells are an imperfect replacement for cardiomyocytes or CHO-K1 cells (optimal for functional studies of KCNQ1). However, the use of cardiomyocytes for high-or medium-throughput EP and trafficking experiments of KCNQ1 mutants cotransfected with KCNE1 is not currently feasible. Moreover, we found that HEK293 cells yielded higher signal-to-noise measurements in our trafficking assays than CHO-K1. Fortunately, as will be shown, the use of HEK293 cells yielded results that are strikingly consistent with what is expected based on the previous EP results, disease classification, and predictions for this panel of 51 KCNQ1 variants. Figure 1A also shows that there is a strong correlation between cell surface expression levels and total (surface + internal) expression. This correlation can be explained on the basis of two factors. First, mutant KCNQ1 channels exhibit lower cell surface expression levels because of reduced total expression. Second, for many mutants exhibiting low total expression, it was seen that surface expression is even lower than predicted on the basis of the fractional degree of reduction seen for total expression. A replot of the data is shown in Fig. 1B , which illustrates the relative contributions of these two factors: This panel shows the surface trafficking efficiency versus total expression, where efficiency is defined as (cell surface)/(total) levels for the mutant relative to (cell surface)/ (total) levels for WT (×100). It is seen that 18 of the 23 mutants exhibiting ≤65% of total WT expression also exhibit cell surface trafficking efficiencies that are ≤65% that of WT. This not only indicates that some mutants exhibit low total expression but also suggests that, in such cases, the modest population of channel that does express is surface trafficking-impaired. There are also a number of mutants with moderate [for example, L134P (60 ± 3% relative to WT)] or low total expression levels [for example, R174L (18 ± 2% relative to WT)] that exhibit surface trafficking efficiencies that are much higher than expected (178 ± 12% for L134P and 68 ± 8% for R174L), indicating exceptions to the general correlation between total expression levels and surface trafficking efficiency. We also note the gratifying result that all 13 predicted benign mutants exhibited both total and surface expression levels that are similar to WT. Figure 1C and table S1 present peak channel current densities for each mutant (22) juxtaposed with the cell surface expression levels. This reveals that channel function and surface trafficking are often strongly coupled, indicating that reduced levels of KCNQ1 at the plasma membrane are the most common contributing factor to channel LOF for the mutants examined in this work. Figure S3 further clarifies this correlation by showing that a majority of the mutants exhibiting low current densities are also subject to low cell surface trafficking efficiency.
Because KCNQ1 in cardiac myocytes coassembles with the KCNE1 protein to form a complex early in the secretory pathway (25) (26) (27) , we tested whether coexpression of KCNQ1 with KCNE1 alters trafficking. For the 16 mutants tested, coexpression with WT KCNE1 led to, at most, moderate changes in cell surface expression levels ( fig. S4 ). This suggests that, for each of the other 35 KCNQ1 mutants, the presence of KCNE1 is likely to exert no more than a moderate impact on total channel expression or on surface trafficking, although the possibility of outliers cannot be excluded.
Proteasomal degradation as the basis for the reduced expression of many KCNQ1 variants Both low cell surface expression and low surface trafficking efficiencies correlated with low total protein expression (Fig. 1, A and B, and table S1). We hypothesized that reduced total expression is due to degradation of nascent KCNQ1 via the endoplasmic reticulum-associated protein degradation (ERAD)/proteasome pathway (28) . To test this, cells transfected with poorly expressing KCNQ1 mutants were treated for 20 hours with a proteasome inhibitor, MG132 (25 mM). As seen in Fig. 2 , inhibition of the proteasome led to only modest changes in surface expression but usually resulted in dramatically enhanced total expression levels for the tested mutants, although not for WT. These results implicate the endoplasmic reticulum (ER) protein folding quality control system and the coupled ERAD/proteasome pathway as the major determinant of the differences in total expression levels between WT and most traffickingdeficient KCNQ1 mutants. Mistrafficking-prone mutants are more efficiently targeted for degradation than WT and variants that traffic with near-WT efficiency.
Impact of coexpressing mutant and WT KCNQ1 on cell surface channel levels Because of the dominant nature of type 1 LQTS and the heterozygous (WT/mutant) state of KCNQ1 patients, we examined the effect of coexpressing trafficking-defective mutants with WT channels on expression levels. As shown in Fig. 3 , most of the tested mutants exert a partially dominant-negative effect on WT surface expression, with this trend correlating with LOF. For example, most of the mutants that exhibit nondetectable cell surface expression when expressed alone (for example, G189A and R195P) exhibited WT/mutant cell surface expression levels that are well below 40% of WT/WT (Fig. 3) . These results are consistent with some degree of dominant-negative suppression of WT trafficking by mutant KCNQ1. Some trafficking-impaired mutants appear to be especially effective at disrupting WT surface expression. For example, surface expression of WT/L114P is below 10% of WT/WT, suggesting that the presence of even a single L114P subunit within a WT/L114P heterotetrameric channel is sufficient to impair trafficking of the entire complex. At the other end of the spectrum, coexpression of WT with L236R appears to restore cell surface expression of L236R. Between these extremes are cases such as WT/H126L, where surface expression is roughly 40% of WT/WT levels. For such cases, a possible explanation is that heterotetramers containing one or even two H126L subunits may pass ER quality control and traffic to the cell surface. However, it is not possible to exclude an alternate explanation that mutants such as H126L are so folding-defective that they cannot coassemble with WT KCNQ1, such that only WT-only homotetramers form.
Overall, most WT/mutant pairs exhibit cell surface expression levels intermediate between those observed for mutant-only and WT-only conditions. Given that most of the mutation sites are located in parts of the VSD that do not make contacts with other subunits ( fig. S1 ), the simplest model to explain the varied impact of mutant coexpression on trafficking is that WT and most mutants coassemble to form tetramers of all possible WT/mutant stoichiometries, with mutant-only and WT-only homotetramers being the least populated states. WT/mutant heterotetramers will exhibit a range of trafficking efficiencies determined WT  V100I  A102S  T104I  T104S  H105L  H105N  H105Y  V106I  Q107H  R109L  V110I  Y111C  L114P  E115G  P117L  T118S  C122Y  V124I  Y125D  H126L  F127L  A128T  V129I  L131P  I132L  V133I  L134P  V135A  V135I  A149V  A150T  A150V  E160K  F167  T169M  R174C  R174H  R174L  W176R  G179S  G189A  R195P  K196T  P197L  P197S  V207M  K218E  I227L  Q234P  L236P (C) Cell surface expression levels as measured in this study versus K + channel peak current density, as originally reported elsewhere (22) . The vertical red lines indicate 65% of WT, the effective upper limit cutoff for LOF.
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by the ratio of WT/mutant subunits. These results indicate that although mutant-only expression assays are informative and yield data that correlate well with functional measurements (as in Fig. 1 ), additional insight can be gained by also conducting experiments under heterozygous conditions.
Use of NMR spectroscopy to identify severely folding-destabilized KCNQ1 variants
In an attempt to gain mechanistic insight into how mutations in KCNQ1 altered channel trafficking and function, we collected two-dimensional
N-TROSY (transverse relaxation optimized spectroscopy) NMR (nuclear magnetic resonance) spectra for WT and mutant forms of the VSD. TROSY spectra exhibit contour peaks for each amide 1 H/ 15 N pair along the protein backbone and provide a "fingerprint" pattern yielding insight into mutation-induced changes in protein structure and/or stability (29) . The WT KCNQ1 VSD yields a well-resolved spectrum ( Fig. 4A ) in lyso-myristoylphosphatidylglycerol (LMPG) micelles, consistent with the protein being well folded. This spectrum was used as a reference for comparison with the spectra from 47 of the mutants examined in this work. Spectra were not acquired for the severely mistrafficking L114P, DF167, W176R, and R195P mutants because they failed to express to a sufficient level in Escherichia coli for the preparation of an NMR sample, consistent with the hypothesis that they are severely unstable and/or misfolded, which is supported by additional data below.
Among the 47 mutants examined by NMR (Fig. 4 , B to D, and fig. S5 ), two major classes of spectral changes were observed relative to the WT spectrum. First, all spectra exhibited some changes in peak positions (cf. Fig. 4B ). These include differences for backbone amide peaks representing residues at or proximal to the mutation site. Shifts in peak positions for amides at some sequentially distal sites were also usually seen, which likely reflect minor distortion of tertiary structure and/or dynamics. There were no overt correlations between shifts in peak positions and either channel function or cell surface trafficking. Assessing the number of peaks that shift or the shift magnitudes also did not correlate with function and trafficking. This is not surprising given that 1 H and 15 N NMR chemical shifts are sensitive to many different factors and cannot readily be interpreted in conformational terms. We also found no evidence that shifts in peak position reflect a change in the equilibrium between two (possibly active and inactive) VSD states. We conclude that the differences in amide A second class of NMR spectral differences was observed for a subset of 13 mutants. These mutants yielded spectra in which many of the peaks were significantly broadened, in some cases to the point of complete disappearance. Examples are shown for moderate ( Fig. 4C ) and Q107H  Y111C  L114P  E115G  P117L  Y125D  H126L  L131P  E160K  F167  R174C  R174H  R174L  W176R  G179S  G189A  R195P WT  Q107H  Y111C  L114P  E115G  P117L  Y125D  H126L  L131P  E160K  F167  R174C  R174H  R174L  W176R  G179S  G189A  R195P severe ( Fig. 4D ) cases (see also fig. S5 and table S1). These results indicate mutation-induced destabilization of the folded state to an extent where there is an exchange of the protein between more than one conformational state. This exchange occurs at an intermediate rate on the NMR time scale, resulting in extensive line broadening for many peaks. The spectra of these 13 KCNQ1 mutants establish that the structures of these mutants are significantly destabilized relative to WT. The fact that this phenomenon is more severe for some mutants (see Fig. 4D ) than others (for example, Fig. 4C ) serves to identify the mutants that are most severely destabilized. It is notable that the 13 mutants showing moderate-to-severe peak broadening also exhibited loss of channel function and low total and surface expression levels (in all cases, <65% of WT values; see table S1). For these mutants, disease-associated LOF appears to stem from mutation-induced destabilization of the protein, resulting in impaired trafficking to the cell surface and enhanced degradation of the protein by the ERAD/proteasome pathway, a pathway it shares with HERG (human ether-à-go-go-related) potassium channel (30) and some other channels (31). These 13 mutants also tended to express more poorly in E. coli than trafficking-proficient mutants. Based on this, it is reasonable to assume that the four mutants that completely failed to express in E. coli are also severely folding-destabilized.
S0 as a central structural and dynamical element of the VSD Five of the LQTS mutants in the little-characterized S0 segment were seen by NMR to be folding-defective (Q107, Y111C, L114P, E115G, and P117L) (red side chains in Fig. 5A ). These and other LQTS sites in S0 directly interact with seven LQTS or VUS sites in S1 and S2 for which mutants are also mistrafficking-prone (Y125D, H126L, R174C, R174H, R174L, W176R, and G179S; magenta side chains in Fig. 5A ). To further probe the interactions of S0 with the rest of the VSD, we conducted molecular dynamics (MD) simulations on the VSD in an explicit 37°C 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) bilayer. Three independent 500-ns MD runs were carried out, for a total of 1.5 ms of simulation time. In each of these calculations, the VSD maintained its original structure and reached equilibrium after ca. 50 ns of simulation time (see fig. S6A ). Analysis of the trajectories revealed a dense network of interactions of S0 with other parts of the VSD, as well as with water and lipids ( Fig. 5B and fig. S6B ). Important observed contacts that involve the LQTS and VUS sites are listed in table S2. The N-terminal half of S0 is bounded by the C-terminal end of S2 and involves p-p stacking between VUS mutation sites Q107 (S0) and W176 (S2) (Fig. 5C ). The indole side chain of W176 also interacts with S0 hydrophobic residues V106 and V110 on one side and is exposed to lipid on the other side. The W176R mutation would eliminate the p-p interaction and also introduce a charged side chain adjacent to lipid. Similarly, residues in S2 (A178 and C180) and the S2-S3 linker (Y184 and F193) form a hydrophobic pocket to accommodate the phenol side chain of S0 LQTS site Y111 (Fig. 5D ). Long-range electrostatic interactions are also possible between Y111 and the side chains of R174, R181, and K196. This suggests that the Y111C LQTS mutation weakens these hydrophobic and electrostatic interactions, accounting for the severe destabilization of this mutant as documented by NMR ( fig. S5 and table S1).
In the C-terminal half of S0, LQTS site L114 makes hydrophobic contacts with Y125 (S1) and V173 (S2) (Fig. 5E) , and polar interactions are seen between its backbone C= =O and side chains of H126 (S1), R243 (S4), and Q244 (S4). The S0 L114P LQTS mutation, which led to a significant reduction of protein expression in HEK293 cells and failure to express in E. coli, would be expected to perturb not only tertiary interactions but also the secondary structure of the S0 helix itself and its WT  T104I  Q107H  Y111C  L114P  E115G  P117L  C122Y  Y125D  H126L  L131P  L134P  A149V  E160K  F167  R174C  R174H  R174L  W176R  G179S  G189A  R195P  K196T  P197L  P197S  V207M  L236P interaction with the rest of the VSD, thereby disrupting the coordinated network of interactions that S0 makes with various sites in S1, S2, the S2-S3 linker, and S4. Two of the L114-interacting residues, Y125 and H126, are sites in S1 that are subject to VUS mutations, resulting in LOF and mistrafficking (Fig. 5) . These residues bridge S0 with sites in S4 known to be critical for voltage-sensing -H240, R243, and Q244 ( Fig. 5E ) (2)-and therefore could be important not only for the stability but also in the voltage-sensing function of the VSD. The carboxyl chain of S0 LQTS mutation site E115 was seen to frequently form hydrogen bonds with R174 in S2 and K196 in the S2-S3 linker (Fig. 5F ) and also forms transient hydrogen bonds with the R243 and R249 in the S4 helix. R174 is an LQTS site and seems to be central to a network of hydrogen bonds that spans all transmembrane helices, connecting sites in S0 (E115) with sites in S2, S3 (D202), and S4 (R243 and Q244). Finally, S0 and the preceding N-terminal segment were also seen to interact with surrounding membrane lipids and water (see fig. S7 ). Arginine residues R103 and R109 participated in frequent hydrogen bonding interactions with phosphodiesters of DMPC. These proteinlipid interactions likely help to anchor the VSD in the membrane and, thus, represent another mechanism by which S0 contributes to the stability of the VSD.
DISCUSSION
Classifying mechanisms of KCNQ1 dysfunction and LOF We recently completed a high-throughput electrophysiological investigation of KCNQ1 variants including the 51 mutants studied in this current work (22) . Although the focus of the previous study was to illustrate a new and efficient paradigm for linking genotype to function for human ion channels, observations made about the functional consequences of the variants were informative. In particular, a large number of variants (32 of 51) exhibit substantially lower (for example, <65%) peak current density than WT channels, consistent with LOF. Four variants trafficked normally and exhibited normal peak channel currents but were deemed to be dysfunctional because of major alterations in channel V 1/2 for activation or perturbed deactivation kinetics. Other variants, including 11 of 13 predicted neutral amino acid substitutions, exhibited normal or near-normal function. Among variants associated with LQTS, most (~85%) exhibited LOF traits, but the mechanisms N-TROSY NMR spectra (900 MHz) of the WT KCNQ1 VSD (residues 100 to 249) (A) and representative mutant forms (B to D). ppm, parts per million. The spectrum of each mutant VSD is shown in red, superimposed on the black spectrum of the WT VSD spectrum. Data were collected at 50°C for WT and mutant forms of VSD in LMPG micelles at pH 5.5. The LMPG concentration for all samples was 50 to 80 mM, and the KCNQ1 VSD concentration was 0.3 mM in all samples. (B) The spectrum from the V110I mutant, for which the only changes relative to the WT spectrum are shifts in peak positions. (C) The spectrum from the H126L mutant that is deemed to be moderately destabilized on the basis of a modest degree of line broadening for a number of peaks relative to the corresponding peaks in the WT spectrum. (D) The spectrum from the E115G mutant, which is deemed to be severely destabilized on the basis of extensive peak broadening and even disappearance of a number of peaks.
responsible for this functional impairment were not further explored. Here, we sought to elucidate the mechanisms of channel LOF by quantifying total and cell surface expression levels for WT and mutant forms of KCNQ1.
We observed that 23 of 32 LOF mutants exhibited lower cell surface expression levels (≤65%) than WT. Further analysis leads to the conclusion that each KCNQ1 mutant examined in this work can be classified into one of six categories, as summarized below and listed in Table 1 .
Class I mutants exhibit normal cell surface expression (>65% that of WT) but exhibit reduced channel conductance. The mechanism for LOF induced by each such mutation is reduction of channel conductance within otherwise normally folded and trafficked protein. Nine of 32 LOF mutants belong to this class. Additional studies are required to establish exactly how each mutation induces loss of channel function and whether it is possible that there are mechanistic subclasses within this category.
Class II mutants have normal channel properties when properly folded and surface-trafficked but exhibit markedly reduced cell surface expression (only 10 to 65% of WT). Only two variants belong to this class.
Class III mutants reach the cell surface at near-normal levels and display WT-like channel conductance but exhibit significant alterations in the voltage dependence of channel activation and/or altered deactivation kinetics, indicating dysfunctional channel properties. Four mutants fell into this category.
Class IV mutants exhibit low cell surface expression (10 to 65% of WT), with LOF being compounded by the fact that even the population of channels that reaches the cell surface is dysfunctional. Seven mutants belong to this class.
Class V mutants exhibit cell surface levels that are <10% that of WT. The plasma membrane levels of these mutants are so low that it is not possible to accurately determine whether the very small population of assembled and trafficked channel is functional or not. Fourteen mutants belong to this class.
Class VI mutants exhibit WT-like channel properties, total expression, and surface trafficking. Fifteen of 51 mutants exhibited normal channel trafficking and function. These included 11 of 13 of the predicted benign mutants.
The two "predicted benign" outliers, T118S (class III) and A150V (class I), exhibited properties that caused them to be classified just outside of the range of "normal." That these two predicted benign mutants exhibited significant dysfunction points to the peril of assuming that sequence variation at a particular protein site between orthologs represents neutral evolutionary drift. The exact functional properties required for the KCNQ1/KCNE1 I Ks channel in the regulation of human heartbeat may be significantly different from the orthologous channel complex in other organisms, such that sequence variation may reflect functionally essential adaptations. Conversely, it must be noted that three LQTS mutants exhibited WT-like properties in our experiments, meaning either that these mutants have defects that we failed to uncover or that they are misclassified.
It seems possible that the personalized treatment of LQTS might, in some cases, benefit from ascertaining which channel LOF mechanism pertains to a given patient. For example, the appropriate therapeutic approach for a class I LQTS patient with KCNQ1 that traffics normally but has defective channel properties is likely to be different from that for a class II patient with KCNQ1 that may be functional if it reaches the plasma membrane but is prone to mistraffic. The tailoring of therapies to varying classes of channel defects has become a reality for certain cystic fibrosis transmembrane regulator (CFTR) mutations that cause cystic fibrosis. For cystic fibrosis, the most common disease-causative mutation is DF508 in the CFTR chloride channel. DF508 CFTR does not normally traffic to the plasma membrane but, when coaxed to do so by pharmacological chaperones, is then seen to be partially active (32) (33) (34) . Many others of the hundreds of known CFTR mutants are likely to be trafficking-defective and potentially rescuable by a pharmacological approach (35) . On the other hand, some CFTR mutants are known to traffic normally but have dysfunctional channel properties. Drugs that specifically improve the functionality of some such mutants have been developed (32, 33) . The feasibility of developing compounds that rescue KCNQ1 mutants based on their specific defects is uncertain. The pharmacological correction of class IV KCNQ1 mutants that are mistrafficking-prone and fail to function, if they do reach the plasma membrane, may be especially difficult.
KCNQ1 misfolding caused by underlying instability as a common LOF mechanism
We observed that the majority (23 of 32) of the LOF mutants examined in this work exhibited much lower (<65%) levels of cell surface expression than WT. This result is reminiscent of the conclusion from studies of the HERG potassium channel that most type 2 LQTS disease mutations in this protein result in trafficking defects (30) . These KCNQ1 mutants may also be analogous to Charcot-Marie-Tooth disease (CMTD) mutant forms of the human tetraspan membrane protein peripheral myelin protein 22 (PMP22). Most CMTD mutant forms of PMP22 traffic to the plasma membrane with lower efficiencies than WT PMP22 (36) , and it was shown that the efficiency of trafficking correlates linearly with disease severity (37) . Moreover, a linear relationship was also observed between the magnitude of energetic destabilization of PMP22 structure and both its intracellular retention (mistrafficking) and disease severity (quantified as patient nerve conductance velocity) (37) . That study established mutation-induced destabilization of folded PMP22 as the defect underlying many phenotypes of CMTD.
Here, we have examined whether the same relationship holds between mutation-induced folding destabilization of KCNQ1 and LQTS. Mutants for which structural destabilization is detectable by NMR have been identified. Of 23 KCNQ1 mistrafficking-prone mutants, 17 were determined to be structurally unstable. It is possible that the remaining five mistrafficking mutants are also folding-destabilized, just not to an extent that is evident in their NMR spectra. Significantly, none of the 18 mutants characterized in this work exhibiting WT-like function and trafficking displayed NMR spectral traits that were very different from WT. From these results, we conclude that, at least for the 32 KCNQ1 LOF mutants examined herein, the most common defect that contributes to loss of channel function and LQTS is mutation-induced destabilization of the protein, leading to retention by ER protein folding quality control and ERAD pathway-based degradation by the proteasome. Mistrafficking and degradation via the ERAD pathway have previously been documented for numerous mutant forms of the V110l, C122Y, L134P, A150T, A150V, T169M, K218E, I227L, and Q234P II Low surface trafficking level but normal or higher channel function for the minority of the population that reaches the plasma membrane.
Q107H and P197L
III
Normal or higher surface levels and peak current density but altered channel V 1/2 and/or deactivation rate.
H105L
‡ , R109L, T118S, and I132L IV Defective in both channel properties and surface expression levels. T104I, L131P, E160K, K196T, P197S, L236P, and L236R V Severely expression-or trafficking-defective. Current is so low that channel properties cannot be assessed.
Y111C, L114P, E115G, P117L, Y125D, H126L, DF167, R174C, R174H, R174L, W176R, G179S, G189A, and R195P
VI (WT-like)
Normal or higher properties in all tested V100I, A102S, T104S, H105N, H105Y, V106I, V124I, F127L, A128T, V129I, V133I, V135A, V135I, A149V, and V207M *The 32 mutants in classes I, II, IV, and V are all deemed to be LOF because they exhibit maximal channel conductance ≤65% of WT. Surface expression levels were deemed defective if they were ≤65% of WT. The four class III mutants exhibit normal maximal peak currents but altered V 1/2 and/or deactivation rates and are therefore deemed dysfunctional. †The listed mutants are color-coded to indicate their initial classifications before this work: LQTS (red), VUS (blue), or neutral/benign (black).
‡H105L exhibited a hyperpolarizing shift in V 1/2 for channel activation, R109L exhibited a hyperpolarizing shift in V 1/2 for activation, T118S exhibited a depolarizing shift in V 1/2 for activation, and I132L exhibited slowed deactivation.
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HERG channel that result in type 2 LQTS (30). Whether destabilization of the KCNQ1 structure will prove to be the most common mechanism underlying LOF for the hundreds of other known LQTS mutant forms of KCNQ1 remains to be seen. One also wonders whether druglike small molecules could be developed that can reach and bind nascent KCNQ1 in the ER to stabilize otherwise misfolding-prone channel mutants, leading to restoration of trafficking to the cell surface and, in some cases, channel function. Our work showed that the total expression level for each mutant relative to WT does not always correlate well with the surface trafficking efficiency, with L139P providing a striking example of an exception (60 ± 3% total expression relative to WT, but 178 ± 12% surface trafficking efficiency relative to WT). This indicates complexity in the underlying molecular systems that determine how much nascent channel is degraded, how much evades degradation but fails to surface-traffic, and how much traffics to the plasma membrane. Such complexity could potentially confound a "one compound treats all" approach to correcting trafficking deficiency. The ERAD pathway and related folding and trafficking control systems of the early secretory pathway are indeed known to be formidably complex (38) .
PMP22 and KCNQ1 are currently the only two human diseaselinked membrane proteins for which the relationship of protein stability to disease mechanism has been definitively established for more than a few select mutations (such as the well-characterized DF508 form of the CFTR channel). However, given that other diseases are linked to mutationinduced membrane protein misfolding, such as retinitis pigmentosa (rhodopsin), Pelizaeus-Merzbacher disease (proteolipid protein), and diabetes insipidus (vasopressin V2 receptor), it is likely that mutationinduced destabilization is also a trigger for the disease-causative intracellular retention and/or degradation of these proteins. There is a pressing need to develop general methods to quantitatively compare the stabilities of WT and disease mutant forms of these proteins. It is also interesting to note that some of the mutation sites associated with the destabilization of KCNQ1 correspond via homology to known disease mutation sites in other voltage-gated ion channels (39) (40) (41) , including a number of KCNQ2 and KCNQ3 sites for which mutations are associated with benign familial neonatal seizures and epileptic encephalopathy (see http://www.hgmd.cf.ac.uk). This suggests that mutationinduced destabilization of protein folding is likely a very common underlying mechanism for many other channelopathies.
Stabilization of the S0 helix by the KCNQ1 VSD The S0 segment found in many voltage-gated channels has previously received little attention as to its roles in VSD structure and function [note that the S0 segment in KCNQ1 and other Shaker-type channels should not be confused with the transmembrane S0 helix in BK (Big Potassium) channels]. Our results reveal a critical role for this widely conserved structural element. Of the 17 KCNQ1 mutants observed in this work to be significantly folding-destabilized, 5 involve LQTS mutations at sites located in S0 (Q107H, Y111C, L114P, E115G, and P117L; see fig. S1 and Fig. 5 ). We note that S0 mutants Y111C, L114P, and P117L have previously been identified as trafficking-defective (40, 42) . Another seven mistrafficking-prone mutants (Y125D, H126L, R174C, R174H, R174L, W176R, and G179S; Fig.  5 ) involve sites in S1 or S2 that interact with the five LQTS sites in S0. MD simulations illuminated the role of S0 as a central scaffolding element that is engaged in a dense network of interactions with other VSD segments, even the functionally critical S4 (Fig. 5) . This is further supported by the observation that residues in S0 move in a concerted and correlated fashion with residues in S2 and S4 (see fig. S8 ).
Combined, these observations indicate that S0 contributes to organizing and stabilizing the structure of the VSD.
S0 segments are present in many other voltage-gated channels and also in the VSD-like regulatory domain of transient receptor potential channels (23, (43) (44) (45) (46) (47) . As we observed for KCNQ1, disease-causing mutations are sometimes found in the S0 segments of these other channels. For example, each of the four distinct S0 segments in the human voltagegated sodium channel SCN5A (Na V 1.5) has at least one known LQTS and/or Brugada syndrome-associated mutation [11 in total; see www.uniprot.org/uniprot/Q14524 (23)]. It seems very likely that the critical role for S0 documented in this work for KCNQ1 may extend to other voltage-gated ion channels.
CONCLUSIONS
This study confirms the value of conducting studies of the trafficking and stability of KCNQ1 variants, studies that complement EP functional studies. Not only is significant additional mechanistic information provided regarding the loss of channel function for many variants, but fundamental new insights into KCNQ1 channel structurefunction-stability relationships can be gleaned (that is, recognition of the importance of S0 in VSD structure and stability). This work also highlights the importance of membrane protein destabilization as a potential disease mechanism. The results of this work could conceivably affect future personalized medical decisions for patients with one of the KCNQ1 mutants characterized in this work. Moreover, the results may be used to help train computational algorithms being developed to predict channel functionality and disease outcomes for patients that harbor KCNQ1 VUS.
MATERIALS AND METHODS
Cloning
The c-myc-tagged human KCNQ1 DNA (GenBank accession number AF000571), a gift from D. Roden of Vanderbilt University (24) , was subcloned into a pIRES2-enhanced green fluorescent protein (EGFP) vector. The c-myc tag (EQKLISEEDL) was introduced into the extracellular S1-S2 linker between Glu 146 and Gln
147
. The VSD, spanning KCNQ1 residues 100 to 249, was cloned into a pET16b vector with an N-terminal His tag (MHHHHHHG-). Human KCNE1 (L28168) was subcloned into a pcDNA3.1(+) vector. Mutants were generated by QuikChange site-directed mutagenesis using WT myc-KCNQ1 or KCNQ1 VSD complementary DNA as the template and verified by sequencing to confirm the presence of the desired mutation(s).
Cell culture and transfection HEK293 cells were purchased from the American Type Culture Collection. Cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS), 10 mM Hepes, penicillin (100 U/ml), and streptomycin (100 mg/ml) at 37°C in a humidified atmosphere with 5% CO 2 . HEK293 cells were plated into six-well plates and transfected with 0.5 mg WT or mutant myc-KCNQ1 per well at 30 to 50% confluence using FuGENE 6 transfection reagent (Promega). When WT and mutant myc-KCNQ1 were cotransfected, the WT/mutant or WT/pIRES2-EGFP vector ratio was 1:1 and total DNA was 0.5 mg. Approximately 48 hours later, cells were prepared for flow cytometry measurements. To assess the effect of proteasome inhibitor on myc-KCNQ1 expression, we treated cells starting 1 day after transfection with 25 mM MG132 or 0.1% dimethyl sulfoxide (DMSO) (control) for 20 hours before quantitating KCNQ1 protein levels.
Flow cytometry
On the day of the experiment, cells were placed on ice and washed once with ice-cold phosphate-buffered saline flow cytometry buffer (PBS-FC) containing 25 mM Hepes and 0.1% NaN 3 , pH 7.4. Cells were detached in 0.5 mM EDTA in PBS-FC and precipitated by centrifugation at 500g for 5 min. As previously described (37), cells were then permeabilized and stained using the FIX & PERM Kit (Thermo Fisher Scientific) following the manufacturer's instructions. Briefly, cells were incubated with 100 ml of PE-conjugated myc-tag (9B11) mouse monoclonal antibody (Cell Signaling Technology) (1:100 dilution in PBS-FC containing 5% FBS) for 30 min in the dark at room temperature. Fixation medium (100 ml) was then added, and cells were incubated for 15 min to be fixed. Cells were then washed once with PBS-FC containing 5% FBS and incubated with Alexa Fluor 647-conjugated myc-tag (9B11) mouse monoclonal antibody (Cell Signaling Technology) (1:100 dilution in permeabilization medium) for 30 min in the dark at room temperature. Cells were rinsed once, and fluorescence signals were then measured using a FACS Canto II flow cytometer (BD Biosciences). Cells expressing WT myc-KCNQ1 were permeabilized and stained with either PE-or Alexa Fluor 647-conjugated antibody to normalize the two fluorescence signals. For the proteasome inhibitor study, cells were fixed and permeabilized (this step was omitted for measuring the surface expression) and then stained with myc-tag (9B11) mouse monoclonal antibody (Cell Signaling Technology) (1:500 dilution in PBS-FC containing 5% FBS) for 30 min at room temperature. Cells were then washed and stained with anti-mouse Alexa Fluor 647 antibody (Cell Signaling Technology) (1:1000 dilution in PBS-FC containing 5% FBS) for 30 min at room temperature in the dark. Single cells expressing myc-KCNQ1 were selected by gating on GFP-positive cells. Fluorescence of cells transfected with the empty vector was used to account for background staining. The expression levels of mutants were calculated as a percentage of the WT channel. The mean and the SEM were calculated from at least three independent experiments. Data were analyzed using GraphPad 6.0 software. The statistical significance of the differences between WT and mutants or between DMSO-and MG132-treated cells was determined by Student's t test.
Overexpression and purification of the VSD in E. coli WT and mutant forms of the KCNQ1 VSD were expressed and purified essentially as previously described (48) . Briefly, KCNQ1 VSD was expressed in Rosetta/C43(DE3) cells and cultured in 15 N-labeled M9 minimal medium. Cells were induced by 1 mM isopropyl-b-D-thiogalactopyranoside for 24 hours at room temperature and then harvested. Each gram of cells was suspended in 20 ml of lysis buffer [75 mM trisHCl, 300 mM NaCl, and 0.2 mM EDTA (pH 7.8)] with 5 mM Mg(Ac) 2 , phenylmethylsulfonyl fluoride (0.2 mg/ml), deoxyribonuclease (0.02 mg/ml), ribonuclease (0.02 mg/ml), and lysozyme (0.2 mg/ml) and was tumbled for about 30 min. The lysate was probe-sonicated at 4°C for 5 min with 5-s pulses separated by 5 s. The inclusion body was isolated by centrifugation at 20 kg for 20 min and washed once in lysis buffer. The inclusion body was then solubilized in buffer A [40 mM Hepes and 300 mM NaCl (pH 7.5)] containing 0.5% dodecylphosphocholine (DPC) (Anatrace) and 2 mM tris(2-carboxyethyl)phosphine (TCEP) overnight at 4°C. Insoluble debris was removed by centrifugation at 20 kg for 20 min, and the supernatant was incubated with Ni(II)-NTA Superflow resin (Qiagen) for at least 1 hour at 4°C. The resin was then packed into a gravity-flow column and washed with 10 bed volumes of buffer A containing 0.5% DPC and 2 mM TCEP. Impurities were removed by extensive washing with 12 bed volumes of buffer A containing 0.5% DPC, 2 mM TCEP, and 60 mM imidazole (pH 7.8). DPC on the column was exchanged with LMPG (Anatrace) by washing the column with 10 bed volumes of buffer A containing 0.05% LMPG and 2 mM TCEP. The KCNQ1 VSD was then eluted in buffer A containing 0.2% LMPG, 2 mM TCEP, and 500 mM imidazole (pH 7.8) until A 280 (as monitored continuously) returned to the baseline level (typically 3 bed volumes).
NMR spectroscopy
The KCNQ1 VSD (residues 100 to 249) concentration was determined by A 280 using an extinction coefficient of 34,950 M −1 cm −1
. When needed, more LMPG was added to samples to adjust the ratio of LMPG micelles to protein molecules to 3 to 5. The eluted protein sample was concentrated 10-fold using an Amicon Ultra centrifugal filter cartridge (30,000 molecular weight cutoff). The sample was diluted with NMR buffer [50 mM MES, 0.5 mM EDTA, 2 mM TCEP, and 0.2 mM LMPG (its critical micelle concentration) (pH 5.5)] to the initial elution volume and was again concentrated 10-fold. The process was repeated a total of three times to ensure efficient buffer exchange. The 200 ml of NMR sample containing 0.3 mM KCNQ1 VSD, 50 to 80 mM LMPG, and 5% D 2 O was then transferred into a 3-mm NMR tube. The 2D 1 H/ 15 N-TROSY experiment was conducted using the standard Bruker pulse sequence. All NMR data were collected at 50°C on a Bruker 800-or 900-MHz NMR spectrometer.
Homology modeling of the KCNQ1 VSD structure A structural model of the KCNQ1 VSD (residues 100 to 249) was generated using the protein structure prediction software package Rosetta (version 3.8) (49) based on the cryo-EM structure of Xenopus KCNQ1 (PDB ID: 5VMS) (23), and sequence alignment was generated with ClustalW (50) . Four thousand models of KCNQ1 VSD were assembled through comparative modeling (51) using the Rosetta Membrane energy function (52) . Gaps in the threaded model resulting from unresolved regions in the template structure were reconstructed by fragment insertion and cyclic coordinate descent loop building (53) . All models underwent side-chain repacking and all-atom refinement while applying a low constraint to the initial coordinates. Models were clustered on the basis of root mean square deviation (RMSD). The lowest-scoring model of the largest cluster was considered the representative model. Its Ca RMSD compared to the Xenopus KCNQ1 VSD structure was 2.3 Å. MolProbity analysis of the representative model reported an overall score of 1.34 (98th percentile), a clash score of 2.02 (99th percentile), 140 (95.0%) residues in favored regions of the Ramachandran plot, all residues in allowed regions, 126 (98.4%) favored rotamers, no poor rotamers, and no Cb deviations or bad backbone angles.
MD simulation of KCNQ1 VSD in a lipid bilayer An MD simulation of the KCNQ1 VSD was performed in an explicit DMPC bilayer at 313 K using Amber16 (54) and the Lipid14 force field (55) . Three independent trajectories, each having a total length of 500 ns but starting with different input models, were computed. Our ensemble of KCNQ1 VSD homology models was clustered using a hierarchical full-linkage clustering algorithm (56) , and the centroids of the three largest clusters were chosen as starting coordinates. The coordinates of each input model were aligned with the membrane normal using the PPM web server (57) . A complete model of the KCNQ1 VSD in a DMPC bilayer (110 lipids per leaflet) was prepared with the membrane builder tool of the CHARMM-GUI website (58) . A TIP3P water layer of 20 Å was included, and Cl − ions were added to neutralize the charge of the system. Each bilayer system was first minimized for 15,000 steps using steepest descent followed by 15,000 steps of conjugate gradient minimization. With the KCNQ1 VSD restrained to its starting coordinates, the lipid and water were heated to 50 K over 1000 steps with a step size of 1 fs using constant boundary conditions and Langevin dynamics with a rapid collision frequency of 10,000 ps −1
. The system was then heated to 100 K over 50,000 steps with constant volume dynamics and the collision frequency set to 1000 ps −1 and, finally, to 313 K over 100,000 steps with constant pressure dynamics and anisotropic pressure scaling turned on. Positional restraints on the KCNQ1 VSD were then gradually removed over 500 ps, and the system was equilibrated for another 5 ns at 313 K. Production MD was conducted for 500 ns using a step size of 1 fs, constant pressure periodic boundary conditions, anisotropic pressure scaling, and Langevin dynamics. MD trajectories were analyzed using CPPTRAJ (version 15.0) (59) and VMD (visual molecular dynamics; version 1.9) (60).
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